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Abstract
Background The 5-HT1A receptor subtype has been postulat-
ed to modulate aggressive behavior particularly when it is
excessive. F15599 is a high affinity and selective 5-HT1A
receptor agonist that exhibits biased agonism for postsynaptic
receptors that are preferentially coupled to Gαi3 protein sub-
units, with more potent action in the cortex, and with potential
for selectively reducing aggression.

Objectives and methods The aims of the current study were to
investigate the anti-aggressive effects of the novel 5-HT1A
receptor agonist, F15599, microinjected into the ventral orbital
prefrontal cortex (VO PFC) and into the infralimbic cortex
(ILC) of CF-1 male mice that had been previously socially
provoked and to confirm the specific action at this receptor by
blocking its effects using the 5-HT1A receptor antagonist,
WAY100,635.
Results Microinjection of the lower doses of F15599 (0.03
and 0.1 μg) into the VO PFC, but not into the ILC, signifi-
cantly reduced the frequency of attack bites and sideways
threats, without affecting other elements of the behavioral
repertoire related to aggression such as pursuing and sniffing
the intruder and tail rattle. There were also no changes
observed in the duration of walking and rearing. Pretreat-
ment with WAY100,635 prevented the anti-aggressive ef-
fects of F15599 when microinjected into VO PFC.
Conclusions The present results demonstrated that F15599 is
effective in reducing the most intense behavioral elements of
aggressive behavior in male mice, when microinjected into the
VO PFC, but not into the ILC, without affecting nonaggressive
behavior, and confirmed the critical role of this cortical region
and specifically the 5-HT1A heteroreceptors in the modulation
of escalated aggressive behavior.
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Introduction

The prefrontal cortex (PFC) is one of the critical brain regions
responsible for inhibitory control of behavior in general, and
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the orbitofrontal region is particularly important in inhibitory
control of impulsive behavior, including escalated aggression
(Blair 2001; Seguin 2004; Cardinal et al. 2004; Spinella 2004;
Kheramin et al. 2005; de Almeida et al. 2006; Centenaro et al.
2008). In humans, violent aggressive behavior and violent sui-
cide attempts have been hypothesized to result from impaired
impulse control (Plutchik and Van Praag 1989, 1995; Horn et al.
2003). The ILC has connections to the amygdala, but its rela-
tionship with aggressive behavior remains unclear. For example,
Faccidomo et al. (2008; 2012) found that alcohol-heightened
aggression can be both significantly attenuated or accentuated
after manipulation of the serotonergic receptors in this cortical
region. Other studies did not find a relationship between the ILC
and escalated aggressive behavior (Halász et al. 2006; Toth et al.
2010). According to Wall and Messier (2002) and Dalley and
colleagues (2004), the ILC has been more involved in anxiety-
like effects and cognitive functions such as attention and mem-
ory rather than in aggressive behavior.

For several decades the brain serotonin (5-HT) system has
been postulated to be essential in the control of aggressive
behavior (de Boer and Koolhaas 2005; Takahashi et al. 2011).
The soma of 5-HT neurons are located in the raphe nuclei
(RN) which project to different brain regions, including the
striatum, amygdala, hippocampus, and cerebral cortex (Parent
et al. 1981; Steinbusch 1981; Azmitia and Segal 1978; Vertes
and Linley 2007). Among the seven families of known 5-HT
receptors, there is clear evidence of the involvement of 5-HT1

and 5-HT2 receptors in aggressive behavior (Miczek et al.
2002; Olivier 2004) and some data also point to a role of 5-
HT3 receptors and transporter molecules (McKenzie-Quirk
et al. 2005; Ricci et al. 2004).

The PFC, including both VO and ILC, is characterized by a
considerable density of 5-HT receptors, in particular 5-HT1A
and 5-HT1B subtypes (Gould et al. 2011; Blair 2004; de
Almeida et al. 2005; Best et al. 2002). The 5-HT1A receptors
are inhibitory receptors and are found both presynaptically on
5-HT neurons in the RN, where they act as somatodendritic
autoreceptors and in striatal and cortical regions were they act
as postsynaptic heteroreceptors (Boschert et al. 1994; Riad
et al. 2000; de Boer and Koolhaas 2005). In preclinical studies,
systemic administration of 5-HT1A receptor agonists engenders
anti-aggressive effects in several species (Bell and Hobson
1994; de Boer and Koolhaas 2005; Sperry et al. 2003; Ten
Eyck 2008; Takahashi et al. 2011; Miczek et al. 1998). How-
ever, these anti-aggressive effects in vertebrates are often ac-
companied by nonspecific effects such as sedation, slow motor
activity, stereotyped behaviors and reduction of social interest
(de Boer and Koolhaas 2005; Olivier et al. 1995). Previous
studies with rats also demonstrated that activation of the 5-
HT1A receptors in post-synaptic sites, including the PFC, ef-
fectively reduce species-typical aggressive behavior (Sijbesma
et al. 1991; Mos et al. 1992). However, de Almeida and Lucion
(1997) found that activation of postsynaptic 5-HT1A receptors

in the medial septal area can increase maternal aggressive
behavior in rats. What remains to be clarified are which recep-
tor subtype populations in which cortical regions are critical in
the modulation of high levels of aggressive behavior in differ-
ent species, mainly in mice. In this present study, we targeted
two cortical regions (VO PFC and ILC) that are similar in
connections sites and presence of 5-HT receptors.

A promising novel tool is F15599 which has high affinity
(pKi~8.5) selectively for the 5-HT1A receptor acting as a
biased agonist preferentially in postsynaptic sites, not ob-
served with other 5-HT1A receptor agonists (Newman-
Tancredi 2011; Newman-Tancredi et al. 2009; Depoortère
et al. 2010; Assié et al. 2010). In tests of signal transduction,
electrophysiological and neurochemical data show that
F15599 preferentially activates postsynaptic 5-HT1A receptors
that are coupled to Gαi3 protein subunits (Lemoine et al.
2010; Newman-Tancredi et al. 2009; Assié et al. 2010).
F15599 is also able to bind to 5-HT1A receptors located in
the RN, but this interaction does not readily result in the
activation of autoreceptors, as suggested by the fact that high
doses of this agonist are needed to reduce the electrical activity
in this region (Newman-Tancredi et al. 2009). Considering the
unique properties of this compound, to act in a specific recep-
tor subpopulation, we expect that substances like F15599 may
become useful tools in the study of aggressive behavior,
particularly after microinjection into the PFC.

We employed an experimental protocol that induces high
levels of aggressive behavior in mice, even when they are
fitted with cannula implants. Social provocation consists of
previous exposure of the resident animal to an “instigator”
opponent (Potegal 1991; Fish et al. 1999; de Almeida and
Miczek 2002; Centenaro et al. 2008). The main objectives of
this study were: first, to examine the possible anti-aggressive
effects of F15599, when microinjected into the VO PFC or
into the ILC of male mice previously subjected to social
provocation, to analyze the role of both cortical regions on
aggressive behavior and, second, to confirm the specificity of
the receptor involved in the modulation of this behavior, using
the 5-HT1A receptor antagonist, WAY100,635, in order to
block the effects of F15599.

Material and methods

Animals

The subjects used for this experiment, were adult CF-1 male
mice (Mus musculus), from the animal house of FEPPS
(Fundação Estadual de Produção e Pesquisa em Saúde, Porto
Alegre, RS, Brazil), kept at the laboratory of UNISINOS
(Universidade do Vale do Rio dos Sinos, São Leopoldo, RS,
Brazil), weighing 30 to 40 g each. The mice were assigned to
serve as “residents” (N=79), “instigators” (N=40) and
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“intruders” (N=85), as specified below. Each resident male was
kept in a clear polycarbonate cage (28×17×14 cm) with a
female (N=79) of the same strain. The other animals, intruders
and instigators, were kept in groups of 10, in polypropylene
cages (46×24×15 cm). All cages were lined with pine shav-
ings. The animals were kept in the same environment, with
temperature 23±2 °C, relative humidity ranging from 50 to
60% and under a light/dark cycle of 12/12 h (light cycle starting
at 06:00 a.m.), controlled automatically. Water and food (spe-
cific laboratory rodent diet—NUVILAB CR1) were available
to the animals ad libitum. The experiments were performed
during the light phase of the photoperiod from 09:00 to 16:00,
in order to compare the results with those from earlier studies
using the same procedure (Centenaro et al. 2008).

The experimental procedures followed the rules of SBCAL/
COBEA (Sociedade Brasileira de Ciência em Animais de
Laboratório/Colégio Brasileiro de Experimentação Animal)
(www.cobea.org.br) and were in accordance with the Federal
Law No. 11.794, of October 8, 2008, which “establishes pro-
cedures for the scientific use of animals”. The project was duly
submitted to the Ethics Committee on Animal Use (CEUA),
Federal University of Rio Grande do Sul, UFRGS, and ap-
proved under number 19758.

“Resident versus intruder” behavioral test

Upon arrival in the laboratory, resident males were housed in
pairs with their respective females for 21 days. After this
period, each resident was subjected to successive tests for
aggressive behavior three times per week with a minimum
interval of 48 h, to establish the baseline of this behavior.
During testing, the female and pups were removed, and an
intruder male was placed into the resident’s cage. Each test
lasted 5 min, starting with the first attack bite by the resident. If
the resident did not attack the intruder, the test was terminated
after 5 min (Miczek and O’Donnell 1978). Resident mice that
attacked the intruder more than ten times in the last three
baseline tests and had stable number of bites (i.e., maximum
variation of ten bites considering the three last tests) proceeded
to the next experimental phase. If the resident was attacked by
the intruder, the latter was immediately replaced. Typically,
outbred resident mice achieved a stable number of attacks after
six or seven tests with the same intruder (Winslow and Miczek
1984). There was a loss of about 15 % of resident male mice as
a result of inconsistent patterns of aggressive behavior.

Social instigation

The social instigation procedure was used in order to in-
crease the levels of aggression of the resident male, particu-
larly in preparation for intracranial implant surgery. In this
procedure, female and pups were removed from the home
cage and, for 5 min, a male mouse of the same strain

(instigator) was introduced into the resident’s cage, protected
inside a transparent acrylic perforated tube (18×6 cm.) so
that the resident male had visual, auditory and olfactory
contact, but no tactile access (Fish et al. 1999).

Five minutes after the social instigation, an intruder male
was introduced into the cage of the resident mouse, without
any protection, allowing direct confrontation between the
two animals. This behavioral test lasted for 5 min and was
video-recorded. Mice with at least three tests of social ag-
gression after provocation, and with stable number of bites,
were implanted with an intracerebral guide cannula.

Surgery

Immediately after displaying stable aggressive behavior, the
resident mice were anesthetized with ketamine anesthetic
(100 mg/kg body weight) and xylazine muscle relaxant and
analgesic (10 mg/kg body weight) intramuscularly and posi-
tioned in a stereotaxic frame to implant a guide cannula (26-
gauge guide, Plastics One Inc., USA) into the VO or IL region
of the left hemisphere of the PFC, according to the stereotaxic
atlas for mice (Paxinos and Franklin 2001), using the coordi-
nates: 2.3 mm anterior to bregma, 0.6 mm lateral to the sagittal
midline and 1.0 mm below the dura for VO region, and
1.9 mm anterior to the bregma, 0.4 mm lateral to the sagittal
midline and 1.2 mm bellow the dura for IL region. After
surgery, an obdurator (33-gauge, Plastics One Inc., USA)
was inserted in the guide cannula in order to prevent blockage,
and the mice were allowed to recover for 5 days.

Microinjections and behavioral analysis

After recovery from surgery, the animals were microinjected
with F15599, a 5-HT1A receptor agonist or with
WAY100,635, a 5-HT1A receptor antagonist, or vehicle (dis-
tilled water). For microinjection, the obdurator was removed,
and an injector (33-gauge, Plastics One Inc., USA) was
inserted into the guide cannula, 1.0 mm longer than the
guide, allowing injection of the drug 2.0 mm below the dura
for VO region and 2.2 mm below the dura for IL region, in
the target area. The solution was slowly injected over a
period of 2 min with the injector connected through a poly-
ethylene tube (P20) to a 1.0 μl Hamilton syringe. After
microinjection, the injector was maintained in the site for
30 s, allowing the complete diffusion of the drug and
preventing reflux.

Vehicle (distilled water, 0.2 μl) or F15599 at different
doses (0.03, 0.1, 0.3 and 1.0 μg/0.2 μl for VO region and
0.1 and 1.0 μg/0.2 μl for IL region) were administered
15 min before the behavioral testing to separate groups of
resident mice so that each subject received only one dose.
Similarly to testing prior to surgery, an instigator protected
within a perforated cylindrical acrylic tube was introduced

Psychopharmacology (2013) 230:375–387 377

http://www.cobea.org.br/


inside the resident’s cage, 5 min after microinjection, for a
period of 5 min. After 5 min of social provocation, followed
by a 5-min interval, an intruder male was introduced into the
resident’s cage, without any protection, in order to allow
direct confrontation between the two subjects.

In another group of animals, WAY100,635 (1.0 μg/0.2 μl)
was microinjected 30 min before F15599 (0.1 μg/0.2 μl) or
vehicle, only in the VO region. In this experiment, animals
received two microinjections: first, vehicle or antagonist, and
second, agonist or another vehicle.

The behavioral test after microinjections was recorded
with a video camera and subsequently analyzed by a trained
researcher using the program “The Observer”, version 3.0
(Noldus, The Netherlands). The behavioral repertoire was
analyzed as previously defined (Miczek and O’Donnell
1978), which included latency and frequency of aggressive

elements (biting, sideways threat, chasing, sniffing the in-
truder and tail rattle) and duration of nonaggressive elements
(walking, grooming, and rearing).

Drugs

F15599 (Pierre Fabre, France), 5-HT1A receptor agonist, and
WAY100,635 (N-[2-[4-(2-methoxyphenyl)-1-piperazinyl] eth-
yl]-N-(2 pyridinyl) cyclohexane carboxamide trihydrochloride)
Wyeth-Ayerst Laboratories, Princeton, NJ, USA, 5-HT1A re-
ceptor antagonist, were dissolved in distilled water.

Histological analysis

After the experiments, all resident male mice were sacrificed
in a GSCO2 (BEIRAMAR Indústria e Comércio Ltda) CO2

Fig. 1 a Schematic
representation of successive
coronal sections of the mouse
brain showing the histological
verification of injection
placement into the VO PFC
(n=63) (rostral to caudal: 2.80,
2.68, 2.58, 2.46, 2.34, and
2.22 mm anterior to the
bregma). VO ventral orbital
cortex; Cgl cingulate cortex,
area 1; PrL prelimbic cortex;
MO medial orbital cortex; LO
lateral orbital cortex; M1
primary motor cortex; M2
secondary motor cortex. All
images are adapted from
Paxinos and Franklin (2001). b
Photomicrographs showing
correct placement of guide
cannula and microinjection at
VO PFC region
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chamber and were perfused transcardially with 0.9 % saline
and buffered 4 % paraformaldehyde. After perfusion, the
brains of these animals were removed and immersed in
buffered 4 % paraformaldehyde for at least 7 days. Subse-
quently, the brains were cut into 80-μm thick coronal sec-
tions on a vibratome. The resulting tissue slices were
mounted on gelatinized slides and stained with hematoxylin
and eosin, and covered.

The location of the guide cannula and the exact location of
the microinjection were verified with a digital camera
coupled to a microscope and stereotactic atlas of the mouse
brain (Paxinos and Franklin 2001). Only animals whose
microinjections were confirmed by histological analysis in
the VO PFC or IL region were considered in the statistical
analysis. The animals whose microinjection occurred outside
VO PFC or IL served as anatomical controls (N=51).

Statistical analysis

All data were homogeneously distributed and expressed
as means±SEM. The effect of different doses of the
agonist (F15599) and antagonist (WAY100,635) were
separately analyzed using a one-way analysis of vari-
ance (ANOVA). When there were statistically significant
F values (p≤0.05), Dunnett’s post hoc tests were
conducted comparing drug treatments with the corre-
sponding vehicle group. Regarding nonaggressive be-
haviors, data of all agonist and antagonist groups were
compared to those of their respective control groups
using ANOVA. When there were statistically significant F
values (p≤0.05), Dunnett’s post hoc tests were conducted
comparing drug treatments with the corresponding vehicle

group. All statistical analyses were performed using SPSS
18 program.

Results

Histological analysis

Histological analysis of mouse brains which received micro-
injections showed that, among all subjects tested, 63 had
correct placements in the VO region (Fig. 1) and 16 in the
IL region (Fig. 2). Data from other animals microinjected
into regions adjacent to VO and IL (N=51) were not consi-
dered in the statistical analysis.

Effect of microinjection of different doses of F15599
into VO PFC on aggressive behavior after social instigation

Microinjection of F15599 into VO PFC of CF-1 male
mice did not cause significant changes in the latency for
the first bite, comparing treated groups with the control
group (vehicle) (Fig. 3). However, it significantly re-
duced attack bite frequency at 0.03 μg (F(4,39)=4.49,
p=0.041; Fig. 4) and 0.1 μg (F(4,39)=4.49, p=0.010;
Fig. 4) doses, when compared to the control group. For
animals from groups that received microinjections of the
remaining doses (0.3 and 1.0 μg) of the agonist, this
behavior remained unchanged (Fig. 4). In addition to attack
bites, F15599 significantly reduced sideways threats at the
0.1 μg (F(3,39)=3.01, p=0.031; Fig. 5) dose, when
microinjected into VO PFC. The frequency of pursuit and
sniffing the intruder and tail rattling remained unchanged after

Fig. 2 a Schematic
representation of successive
coronal sections of the mouse
brain showing the histological
verification of injection
placement into the IL PFC
(n=16) (rostral to caudal: 1.98
and 1.94 mm anterior to the
bregma). IL infralimbic cortex;
VO ventral orbital cortex; Cgl
cingulate cortex, area 1; PrL
prelimbic cortex; MO medial
orbital cortex; LO lateral orbital
cortex; M1 primary motor
cortex; M2 secondary motor
cortex; DP dorsal peduncular
cortex. All images are adapted
from Paxinos and Franklin
(2001). b Photomicrographs
showing correct placement of
guide cannula and
microinjection at IL PFC region
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microinjection with any of the F15599 doses compared to the
control group (Table 1).

Effect of microinjection of different doses of F15599
into VO PFC on nonaggressive behavior after social
instigation

Regarding nonaggressive behavioral elements, F15599 microin-
jections at different doses (0.03; 0.1; 0.3 and 1.0 μg/0.2 μl) into
VO PFC, did not significantly affect the duration of walking
(Fig. 6) and rearing (Fig. 8). As for grooming, an increase in this
behavior was observed for the 0.03 μg dose group
(F(4,39)=2.96, p=0.010; Fig. 7), when compared to control.

Effect of microinjection of different doses of F15599 into IL
PFC on aggressive behavior after social instigation

Microinjection of F15599 into IL PFC of CF-1 male mice, at
different doses (0.1 and 1.0 μg/0.2 μl), did not cause

significant changes in aggression, for all behavioral elements
analyzed, comparing treated groups with the respective vehi-
cle control group (Fig. 9, Table 2).

Effect of microinjection of different doses of F15599 into IL
PFC on nonaggressive behavior after social instigation

Regarding nonaggressive behavioral acts, F15599 microin-
jections at different doses (0.1 and 1.0 μg/0.2 μl) into IL
PFC, did not significantly alter the duration of walking,
grooming and rearing (Table 2), when compared to the
respective control group.

Antagonism

Pretreatment with the 5-HT1A receptor antagonist
WAY100,635 (1.0 μg), prevented the reduction in the num-
ber of attack bites (F( 2,16)=0.30, p=0.74; Fig. 4) and
sideways threats (F(2,16)=0.80, p=0.47; Fig. 5) produced

Fig. 4 Effect of the microinjection of different doses (0.03, 0.1, 0.3,
and 1.0 μg/0.2 μl) of the 5-HT1A receptor agonist, F15599, and after
pretreatment with WAY100,635 (1.0 μg/0.2 μl)+F15599 (0.1 μg/

0.2 μl) or vehicle, into VO PFC, on attack bite frequency, after social
instigation. Data expressed in mean±SEM. *p≤0.05

Fig. 3 Effect of the microinjection of different doses (0.03, 0.1, 0.3,
and 1.0 μg/0.2 μl) of the 5-HT1A receptor agonist, F15599, and after
pretreatment with WAY100,635 (1.0 μg/0.2 μl)+F15599 (0.1 μg/

0.2 μl) or vehicle, into VO PFC, on first bite latency, after social
instigation. Data expressed in mean±SEM
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by F15599 microinjections into VO PFC. Pursuing and
sniffing the intruder and tail rattling were not significantly
modified when compared to values from the control group
(Table 1). No significant effects on aggressive and
nonaggressive behaviors were found after microinjections
of WAY100,635 or vehicle plus vehicle into VO PFC
(Figs. 3, 4, 5, 6, 7, and 8 and Table 1). The duration of
walking, grooming, and rearing remained unaltered by pre-
treatment with WAY100,635 followed by F15599, when
compared to control (Table 1).

Discussion

This is the first study to investigate the anti-aggressive ef-
fects of F15599, a 5-HT1A receptor agonist with unusually
high affinity and selectivity and preferential action at post-
synaptic receptors that are coupled to Gαi3 protein subunits,
with more potent action in the cortex, than in hippocampus
and in dorsal raphe. The present study revealed remarkable

behaviorally specific anti-aggressive effects of F15599 in
that microinjection of the lower doses of F15599 (0.03 and
0.1 μg), into the VO PFC of male mice, but not into the ILC,
significantly reduced the frequency of attack bites and side-
ways threats. It is also noteworthy that F15599, in contrast to
other 5-HT1A receptor agonists, only reduced the most in-
tense elements of aggression, attack bites and sideways
threats, but not other elements of the behavioral repertoire
related to aggression. Similarly, none of the other behavioral
acts and postures was altered by F15599 in the dose range
that reduced attacks and threats, indicating remarkable be-
havioral specificity of the anti-aggressive effects. Pretreat-
ment with WAY100,635 prevented the anti-aggressive ef-
fects of F15599 when microinjected into VO PFC, pointing
to the high receptor selectivity. Microinjections of F15599
into the ILC, in contrast to the VO, left aggressive and
nonaggressive behavior intact, suggesting regional selectiv-
ity and no involvement of ILC in escalated aggressive be-
havior. The induction of higher levels of aggression with the
use of social instigation protocol, as used in earlier studies

Table 1 Frequency of aggressive behaviors after microinjection of vehicle, F15599 (5-HT1A receptor agonist, in different doses) and WAY100,635
(5-HT1A receptor antagonist (before F15599 or vehicle)) in the ventral orbital (VO) prefrontal cortex (PFC)

Vehicle F15599 doses (μg/0.2 μl) Vehicle
+

WAY100,635 1.0 μg
+

Behavior 0.2 μl 0.03 0.1 0.3 1.0 Vehicle 0.2 μl F15599 0.1 μg Vehicle 0.2 μl
(n=10) (n=8) (n=10) (n=6) (n=10) (n=6) (n=6) (n=7)

Frequency of aggressive elements

Pursuit 0.4±0.2 0.6±0.3 0.1±0.1 0.7±0.7 1.0±0.7 1.3±0.6 0.5±0.3 1.0±0.5

Sniff 5.4±1.2 6.4±1.5 9.5±2.3 11.2±2.1 8.1±1.8 11.0±2.2 13.5±1.6 12.1±1.7

Tail rattle 25.0±3.5 13.5±2.0 15.8±4.2 17.2±3.0 24.0±6.3 15.2±2.4 12.7±4.0 17.6±2.9

Data expressed in mean±SEM

Fig. 5 Effect of the microinjection of different doses (0.03, 0.1, 0.3 and
1.0 μg/0.2 μl) of the 5-HT1A receptor agonist, F15599, and after
pretreatment with WAY100,635 (1.0 μg/0.2 μl)+F15599 (0.1 μg/

0.2 μl) or vehicle, into VO PFC, on sideways threat frequency, after
social instigation. Data expressed in mean±SEM. *p≤0.05
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(Fish et al. 1999; Olivier and van Oorschot 2005; Centenaro
et al. 2008) proved to be effective in conducting this type of
microinjection study.

When interpreting the anti-aggressive effects of F15599,
it is clear that there are regional differences in the coupling of
5-HT1A receptors to G proteins (Mannoury la Cour et al.
2006). F15599 is a “biased agonist” at 5-HT1A receptors that
are coupled to Gαi protein subunits (Newman-Tancredi et al.
2009), and Gαi protein subunits are greatly present in the
cortex (Mannoury la Cour et al. 2006). Biased agonists are
compounds that have functional selectivity for certain signal
transduction pathways, for example, in receptors that are
coupled to different G proteins. These agonists can target
brain regions of interest and offer a strategy to identify more
effective and better-tolerated drugs and may be therapeuti-
cally advantageous (Newman-Tancredi 2011). As mentioned
earlier (Depoortère et al. 2010), the selectivity for subpopu-
lations of receptors which are linked to therapeutic activities,

is important to develop specific drugs for various diseases
involving localized deficiencies, such as schizophrenia and
depression.

F15599 has some unique feature: one is high affinity for rat
and human 5-HT1A receptors (Newman-Tancredi et al. 2009),
and no affinity for other 5-HT receptors (as opposed to 8-OH-
DPAT, that also binds to 5-HT7) and dopamine receptors (as
opposed to buspirone, that also binds to D2). The other is high
efficacy for activation of 5-HT1A receptors with a remarkable
bias for receptors with Gαi3 subunits. These features differen-
tiate F15599 from other 5-HT1A receptor agonists (5-HT, 8-
OH-DPAT and F13714) (Newman-Tancredi et al. 2009;
Newman-Tancredi 2011) and render it a useful tool. Imaging
studies with in vivo positron emission tomography revealed
that F15599 labeled rat cortical 5-HT1A receptors rather than
hippocampal sites. The present study aimed to activate a spe-
cific receptor subpopulation in the PFC with F15599, and the
results are interpreted in the context of the receptor selectivity

Fig. 7 Effect of the microinjection of different doses (0.03, 0.1, 0.3,
and 1.0 μg/0.2 μl) of the 5-HT1A receptor agonist, F15599, and after
pretreatment with WAY100,635 (1.0 μg/0.2 μl)+F15599 (0.1 μg/

0.2 μl) or vehicle, into VO PFC, on grooming duration, after social
instigation. Data expressed in mean±SEM. *p≤0.05

Fig. 6 Effect of the microinjection of different doses (0.03, 0.1, 0.3,
and 1.0 μg/0.2 μl) of the 5-HT1A receptor agonist, F15599, and after
pretreatment with WAY100,635 (1.0 μg/0.2 μl)+F15599 (0.1 μg/

0.2 μl) or vehicle, into VO PFC, on walking duration, after social
instigation. Data expressed in mean±SEM
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and preferentially postsynaptic action that is not found with
other 5-HT1A receptor agonists (Lladó-Pelfort et al. 2010;
Newman-Tancredi 2011).

5-HT1A receptor agonists can have dose-dependent bi-
phasic effects. When locally administered into the medial
prefrontal cortex, F15599 produced an intriguing biphasic
dose–response curve, suggesting an interaction with discrete
receptor subpopulations. In all likelihood this is due to the
fact that the drug differentially acts on 5-HT1A receptors
expressed on GABAergic interneurons and 5-HT1A recep-
tors expressed on glutamatergic pyramidal neurons (Lladó-
Pelfort et al. 2012). Thus, a 5-HT1A agonist may increase the
activity of pyramidal neurons in the PFC at low doses. Our

understanding is that F15999 is acting in a similar way like
8-OH-DPAT, activating 5-HT1A receptors in GABAergic
interneurons and causing a decrease of the inhibition of
pyramidal neurons.

The presently observed reduction of aggression with mi-
croinjection of lower doses of F15599 is also in concordance
with dose–response pattern seen in previous studies. Upon
acute treatment, F15599 at low doses is potently active in the
forced swim test. It also potently reduced the duration of
ultrasonic vocalization emitted upon presentation of a condi-
tioned stimulus previously associated with unavoidable mild
electric foot shocks consistent with anti-stress/anxiolytic prop-
erties (Assié et al. 2010).

Fig. 9 Effect of the microinjection of different doses (0.1 and 1.0 μg/0.2 μl) of the 5-HT1A receptor agonist, F15599, into IL PFC, comparing with
the same doses microinjected into VO PFC, on attack bite frequency, after social instigation. Data expressed in mean±SEM. *p≤0.05

Fig. 8 Effect of the microinjection of different doses (0.03, 0.1, 0.3,
and 1.0 μg/0.2 μl) of the 5-HT1A receptor agonist, F15599, and after
pretreatment with WAY100,635 (1.0 μg/0.2 μl)+F15599 (0.1 μg/

0.2 μl) or vehicle, into VO PFC, on rearing duration, after social
instigation. Data expressed in mean±SEM

Psychopharmacology (2013) 230:375–387 383



It has been estimated that a single interneuron can contact
more than 200 pyramidal neurons (Cobb et al. 1995), therefore
magnifying the effects on single GABAergic interneurons. The
activation off 5-HT1A in a limited population off GABA cells in
a cortical GABA network can result in the hyperpolarization of

the whole network and the subsequent disinhibition of many
pyramidal neurons, and this may explain the fact that only at
low doses occurs disinhibition of pyramidal neurons and its
increased electrical activity (Lladó-Pelfort et al. 2012).

Previous studies have demonstrated that activation of 5-HT1A
receptors in post-synaptic sites, including the PFC, is effective in
reducing species-typical aggressive behavior in male rats, but
not escalated aggression (Sijbesma et al. 1991; Mos et al. 1992).
Agonists of 5-HT1A receptors also reduce the aggressive behav-
ior of female rats that were socially instigated (Veiga et al. 2007).
However, when microinjected into DRN, this receptor subtype
agonists promoted an increase in aggressive behavior in post-
partum females (Veiga et al. 2011). These data demonstrate the
importance of the PFC and 5-HT1A receptors in the modulation
of aggressive behavior and the need of more studies to elucidate
modulation of escalated aggression.

There are conflicting data about the involvement of the ILC
in the modulation of aggressive behavior. Microinjection of CP-
93,253, a 5-HT1B receptor agonist, into the ILC, but not into de
VO PFC, increased aggressive behavior in mice after moderate
doses of alcohol intake (Faccidomo et al. 2008). In contrast,
using the same animal model, Faccidomo et al. (2012) found
that the ILC appears to be critical for the attenuation of species-
typical levels of aggression, using CP-93,129, another 5-HT1B
receptor agonist. Other studies did not find a relationship be-
tween the IL and escalated aggressive behavior (Halász et al.
2006; Toth et al. 2010). Wall and Messier (2002) and Dalley
et al. (2004) showed that the ILC has been involved more in
anxiety-like effects and cognitive functions such as attention and

Fig. 10 Effect of the microinjection of different doses (0.03 and 0.1 μg/
0.2 μl) of the 5-HT1A receptor agonist, F15599, in comparison with
previous results (Centenaro et al. 2008) of another 5-HT1A receptor
agonist (8-OH-DPAT) in different doses (0.56 and 1.0 μg/0.2 μl)

microinjected into VO PFC of male mice, on attack bite frequency,
after social instigation. Data expressed in mean±SEM. *p≤0.05.
**p≤0.001

Table 2 Latency (in seconds) to attack bite, frequency of aggressive
and duration (in seconds) of nonaggressive behaviors after microinjec-
tion of vehicle or F15599 (5-HT1A receptor agonist, in different doses),
in the infralimbic (IL) cortex

Behavior Vehicle F15599 doses (μg/0.2 μl)

0.2 μl 0.1 1.0
(n=6) (n=4) (n=6)

Latency

First attack bite (s) 12.2+1.3 7.5+1.7 13.0+2.3

Frequency of aggressive elements

Attack bites 21.2+3.4 26.3+3.0 16.7+3.6

Sideways threat 18.8+1.4 25.4+4.1 15.5+3.8

Pursuit 2.2+1.4 1.3+0.8 0.8+0.5

Sniff 6.3+1.6 8.3+1.4 6.0+1.1

Tail rattle 16.5+2.9 18.8+3.1 19.5+2.7

Duration of nonaggressive elements

Walk (s) 61.5+11.4 77.5+14.8 59.7+3.3

Groom (s) 20.2+6.7 27.5+14.7 23.8+7.9

Rear (s) 15.0+4.9 11.5+3.5 10.0+3.3

Data expressed in mean±SEM
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memory than in aggressive behavior. In the present study, mi-
croinjection of F15599 into the ILC left aggressive and
nonaggressive behaviors intact, pointing to behavioral specific
anti-aggressive effects of this compound and no involvement of
5-HT1A receptors in ILC in modulating aggression.

The action of F15599 indicates a relationship with aggressive
behavior and these data are consistent with several other preclin-
ical studies which have demonstrated that 5-HT1A agonists can
decrease aggression, for example, 8-OH-DPAT and flesinoxan
(Bell and Hobson 1994; de Boer and Koolhaas 2005; Sperry
et al. 2003; Ten Eyck 2008). In a previous study from our group
(Centenaro et al. 2008), 8-OH-DPAT microinjected at the same
brain region has also been shown to reduce aggressive behavior
in male mice, but with less behavioral selectivity than F15599. In
this present work, we have compared the results of both studies
(Fig. 10), which show clear differences in potency between these
drugs. 8-OH-DPAT only reduces aggressive behavior at high
doses and F15599 only at low doses.

Although it can be expected that administration of the 5-HT1A
receptor antagonist WAY100,635 should increase aggression by
blocking 5-HT1A heteroreceptors in regions that are involved in
aggressive behavior, in the case of this work by microinjection in
VO PFC, the observed absence of effects may reflect a ceiling
effect. The mechanism of action by which WAY100,635 can
increase aggressive behavior, maybe dependent on the receptor
pool in a specific brain region. As in our work, other studies failed
to see reliable increases in aggressive behavior after WAY100,635
administration, both systemic and local (Miczek et al. 1998). If the
action of F15599 in VO PFC is primarily on GABAergic in-
terneurons, then WAY100,635 at the current dose would be
expected to be neither inhibitory nor disinhibitory, but silent.

In conclusion, the results of this study confirmed the crit-
ical role of the VO PFC, but not the ILC, specifically the 5-
HT1A heteroreceptor subtype, in the modulation of escalated
aggressive behavior in socially provoked male mice. Further-
more, F15599 is effective in reducing the most intense com-
ponents of aggressive behavior, but not low intensity social
interaction. Complementary studies with systemic administra-
tion of this compound and local administration into the raphe
promise to provide key data about the utility of F15599 in the
modulation of aggressive behavior.
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